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Chemical genetics is a powerful scientiﬁc strategy that utilizes small bioactive molecules
as experimental tools to unravel biological processes. Bioactive compounds occurring in
nature represent an enormous diversity of structures that can be used to dissect functions
ofbiologicalsystems.Oncethebioactivityofanaturalorsyntheticcompoundhasbeencrit-
ically evaluated the challenge remains to identify its molecular target and mode of action,
which usually is a time-consuming and labor-intensive process. To facilitate this task, we
decided to implement the yeast three-hybrid (Y3H) technology as a general experimental
platform to scan the whole Arabidopsis proteome for targets of small signaling molecules.
TheY3H technology is based on the yeast two-hybrid system and allows direct cloning of
proteins that interact in vivo with a synthetic hybrid ligand, which comprises the biologically
active molecule of interest covalently linked to methotrexate (Mtx). In yeast nucleus the
hybrid ligand connects two fusion proteins: the Mtx part binding to dihydrofolate reductase
fused to a DNA-binding domain (encoded in the yeast strain), and the bioactive molecule
part binding to its potential protein target fused to a DNA-activating domain (encoded on a
cDNAexpressionvector).DuringcDNAlibraryscreening,theformationofthisternary,tran-
scriptional activator complex leads to reporter gene activation in yeast cells, and thereby
allows selection of the putative targets of small bioactive molecules of interest. Here we
present the strategy and experimental details for construction and application of a Y3H
platform, including chemical synthesis of different hybrid ligands, construction of suitable
cDNA libraries, the choice of yeast strains, and appropriate screening conditions. Based on
the results obtained and the current literature we discuss the perspectives and limitations
of theY3H approach for identifying targets of small bioactive molecules.
Keywords: yeast three-hybrid, hybrid ligand, small signaling molecules, protein target identiﬁcation, plant defense,
hormone signaling
BACKGROUND: FUNCTIONAL IMPORTANCE OF SMALL
MOLECULES
Organic small molecules participate in many biological processes,
such as metabolic pathways, signal transduction mechanisms,
and developmental programs, in which they often play impor-
tant, sometimes decisive roles. The binding of small molecules to
their target proteins may be reversible or irreversible. In case of
enzyme–substrate interactions, the small molecules are usually
Abbreviations: ABA, abscisic acid; AD, DNA-activating domain; CA, cucurbic
acid; CAMe, cucurbic acid methylester; Cpd8, compound 8; DBD, DNA-binding
domain; Dex, dexamethasone; DHFR, dihydrofolate reductase; GR, glucocorticoid
receptor; JA, jasmonic acid; JAMe, jasmonic acid methylester; Mtx, methotrex-
ate; PEG, polyethylene glycol; SA, salicylic acid; Y3H, yeast three-hybrid; 6OH-SA,
6-hydroxysalicylic acid (2,6-dihydroxybenzoic acid).
modiﬁed, whereas small signaling molecules acting as ligands
remain unchanged but may initiate modiﬁcation of their recep-
tors, such as dimerization or phosphorylation (Cock et al., 2002;
Lemmon and Schlessinger,2010; Schulze et al.,2010; Jaillais et al.,
2011; Li, 2011). When small molecules interfere with essential
steps in biological processes,they may exert pharmaceutical func-
tions, and many natural compounds are directly used as drugs or
serve as lead structure for the development of synthetic molecules
(Vuorela et al., 2004; Koehn and Carter, 2005; Molinari, 2009;
Kinghorn et al., 2011). Signaling molecules may act at nodes of
complementary signaling pathways in opposite manner, namely
as activators and/or repressors, and hence their abundance and
activity need to be tightly controlled. Such control mechanisms
includesynthesisanddegradationofthesmallsignalingmolecules,
as well as activation or inactivation by chemical modiﬁcations.
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The identiﬁcation of proteins interacting with small signaling
molecules is of fundamental importance for understanding the
molecular mechanisms of signal perception and transduction.
In plants, the organic small molecules that largely dominate
researchactivityareagroupof well-establishedhormones,includ-
ing auxin, cytokinin, gibberellin, abscisic acid (ABA), brassinos-
teroids,jasmonates,and salicylic acid (SA),which collectively,and
each by its own inﬂuence numerous aspects of growth, develop-
ment, and interaction with the environment (Grant and Jones,
2009; Pieterse et al., 2009; Depuydt and Hardtke, 2011). A long
and arduous quest has only in recent years been successful by
identifying the direct targets, i.e., the receptors, of most of the
classical plant hormones mentioned above (Santner and Estelle,
2009; Lumba et al., 2010). Although thereby a tremendous leap
in understanding the molecular mechanisms of plant hormone
action has been made,in comparison to animal hormone percep-
tion our knowledge is still fragmentary and many details need to
be unraveled; for example, how is selective activation of different
physiological responses by a single hormone achieved,what is the
functional signiﬁcance of hormone modiﬁcations, how is cross-
talk between hormone pathways mediated, or how is hormone
action eventually turned off (Chow and McCourt, 2006; Santner
and Estelle,2009; Lumba et al.,2010)?
Phytotoxinsareanotherclassofsmallmoleculesthatarecritical
for plant development and interaction with microbial pathogens
(Speth et al., 2007; Strange, 2007; Möbius and Hertweck, 2009).
They are low molecular weight substances produced by bacteria
or fungi that impair plant performance and thereby inﬂuence the
courseofpathogengrowthanddisease/symptomdevelopment.To
understandthemechanismsusedbyvariouspathogenstocolonize
their hosts, it is desirable to identify the cellular targets of phyto-
toxins and to unravel their modes of action. This knowledge may
help to protect plants from fungal and bacterial colonization and
to suppress disease development (Speth et al., 2007; Möbius and
Hertweck, 2009). Similarly, beneﬁcial plant–microbe associations
as they occur in arbuscular mycorrhizal symbiosis and root nod-
ule symbiosis rely on mutual exchange of chemical signals, which
mediate host-speciﬁc recognition, and developmental alterations
in host organs to accommodate the symbiont (Jones et al., 2007;
Parniske, 2008; Badri et al., 2009; Kawaguchi and Minamisawa,
2010).Insomeinstancesthemolecularmechanismsof thischem-
ical dialog has been deciphered, e.g., the bacterial Nod factor and
the related fungal Myc factor, both lipochitooligosaccharides, are
recognizedbyplantLysMreceptorkinases(ErcolinandReinhardt,
2011;Mailletetal.,2011).However,forotherchemicalsignalsthat
are involved in symbiosis, such as ﬂavonoids and strigolactones,
thetargetsstillremaintobediscovered(Badrietal.,2009;Akiyama
et al.,2010).
The diversity of small bioactive compounds has not only
been exploited by nature, but also by man as agrochemicals and
drugs to control weeds, pests, and diseases (Delaney et al., 2006;
Walsh, 2007). The common principle of modern-day pesticide
and drug development is to aim for highly selective compounds
with nanomolar afﬁnity (or better) that act on a single molec-
ular target (Delaney et al., 2006; Casida, 2009). In addition to
commercial applications, biologists are currently also perform-
ing chemical screens to identify bioactive small molecules that
can be used to probe biological systems. This approach, referred
to as chemical genetics, offers an alternative to classical genetics
by substituting DNA mutations by systematic use of small mole-
cules to elicit deﬁned phenotypes in a biological system. Chemical
genetic techniques have long been applied to animal systems in
areas such as cancer research, cell death, and drug development
(Stockwell, 2000, 2004; Mayer, 2003; Schreiber, 2003; Gangadhar
and Stockwell, 2007), but more recently have also found appli-
cation in plant biology (Blackwell and Zhao, 2003; Armstrong
et al., 2004; Serrano et al., 2007, 2010; Walsh, 2007; Hicks and
Raikhel, 2009; Knoth et al., 2009; Robert et al., 2009; Lin et al.,
2010; McCourt and Desveaux, 2010; Tóth and van der Hoorn,
2010; Kim et al., 2011). Chemical genetics not only offers an
alternative screening approach, it also has the potential to cir-
cumvent some of the inherent limitations of traditional forward
genetics, such as lethality or redundancy of gene functions. In
contrasttomostmutations,achemicalenforcedphenotypeiscon-
ditionalbecausebioactivemoleculescanbeaddedatanytimeand
dosages, and it is reversible because the chemical can in principle
be removed. As previously pointed out by Smukste and Stock-
well (2005), the success of a chemical genetic strategy relies on
(1) a robust assay that reliably reports on a biological process,
(2) the isolation of selective compounds that systematically per-
turb this process, and (3) the identiﬁcation of the cellular targets
regulating the process of interest. Many recent advances have
facilitated chemical genetic screens,for instance synthesis of com-
plex chemical libraries (Schreiber, 2000; Kaiser et al., 2008; Wilk
et al., 2009), development of cell-based assays, and last but not
least, automation of assay assembly (liquid handling) and phe-
notyping, which allowed high-throughput screening (Hicks and
Raikhel, 2009). However, eventually, the identiﬁcation of targets
of bioactive molecules remains the biggest challenge of all.
EXPERIMENTAL STRATEGIES TO IDENTIFY SMALL
MOLECULE TARGETS
The identiﬁcation of small molecule targets that underlie the
observed phenotypic response is not only important in the basic
sciences for elucidating molecular mechanisms,but has also great
practicalimplications,forexampleinstructure-baseddrugdesign.
In the plant ﬁeld target identiﬁcation of chemically reactive small
molecules via a combination of afﬁnity puriﬁcation and pro-
teomics is becoming more and more routine (Wang et al., 2008;
Kaschani et al., 2009; Kolodziejek et al., 2011; Nickel et al., in
press),whereasinertsmallmolecules(non-covalentlybindinglig-
ands) remain challenging. Traditionally, identiﬁcation of targets
was mainly achieved by applying biochemical in vitro methods in
particular afﬁnity chromatography or other separation technolo-
gies combined with photoafﬁnity cross-linking or radiolabeled
ligand binding. These techniques have proven to be successful,
but they also suffer from evident limitations, which are gov-
erned in parts by the intrinsic properties of the small molecule.
For instance, high binding afﬁnity of a ligand will facilitate tar-
get identiﬁcation, whereas low binding afﬁnity might result in
the loss of target proteins, particularly when they are present in
low abundance, as often the case for membrane-localized recep-
tors. Thus, equilibrium kinetics dictates the amount of target
in a protein extract that is required for its identiﬁcation and
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isolation (Burdine and Kodadek, 2004; Terstappen et al., 2007).
Furthermore, immobilization of a small molecule ligand on a
solid support requires that an appropriate functional group or
linker is introduced and that this modiﬁcation does not disrupt
or seriously impair the biological activity of the small mole-
cule (Zheng et al., 2004). Although biochemical enrichment and
detection methods have greatly improved in recent years, target
puriﬁcation and identiﬁcation via afﬁnity puriﬁcation remains
labor-intensive, time-consuming, and present-day versions rely-
ing on mass spectrometry and other proﬁling technologies are
sophisticated and technically challenging (Lomenick et al., 2009;
Rix and Superti-Furga,2009).
Alternative technologies for target identiﬁcation have been
developed that circumvent the potential problems associated with
low target protein abundance or low binding afﬁnity. Genetic
approaches are powerful because they can identify physiologically
relevanttargets,buttheyarelimitedtorapidlyreproducingmodel
organisms (e.g., bacteria, yeast, nematode, fruit ﬂy, Arabidopsis)
that allow screening of mutant populations for small molecule-
resistant phenotypes (Zheng et al., 2004). The recently achieved
deconvolutionsof targetsforseveralhormone-resistantArabidop-
sis mutants are excellent examples for the success of this genetic
strategy(ChowandMcCourt,2006;Chinietal.,2007;Thinesetal.,
2007;Murase et al.,2008;Shimada et al.,2008;Browse,2009;Park
et al., 2009; Santner and Estelle, 2009; Lumba et al., 2010), but
theyalsodocumentanenormoustimegapbetweeninitialmutant
isolation and target identiﬁcation. Another set of methods has in
commonthatidentiﬁcationofasmallmoleculetargetiscombined
with cloning of its cDNA (Terstappen et al., 2007). Such expres-
sion cloning technologies,including the yeast three-hybrid (Y3H)
system, phage display and mRNA display, artiﬁcially increase the
abundance of the target by expressing it as recombinant fusion
protein, which may have properties that are different from the
native original, in particular, when post-translational modiﬁca-
tions are involved. Among these techniques, the Y3H system is
particularly appealing because it not only offers direct access to
the genes encoding target proteins, but it also relies on small
molecule–protein interactions in living cells rather than in vitro
and it permits scanning of whole proteomes for targets (Kley,
2004; Terstappen et al., 2007). Importantly, this approach is not
restricted to model organisms.
TheY3Htechnologyforstudyingprotein–smallmoleculeinter-
actions was originally developed by Licitra and Liu (1996).I ti s
an extension of the commonly used yeast two-hybrid system by
introducing a third hybrid component, the small molecule linked
toanotherligand(Figure1).Similarly,otherY3Happroacheshave
beendevelopedtoanalyzetripartiteinteractionsbetweenproteins
and (hybrid) RNAs (Jaeger et al., 2004; Vollmeister et al., 2009;
Wurster and Maher, 2010). In plant systems this approach was
initially used to identify and characterize different RNA-binding
proteins (Maniataki et al., 2003; Campalans et al., 2004; Hwang
et al., 2005), but more recent applications also served to monitor
theassemblyoftrimericproteincomplexesortodirectlycloneand
identify bridging proteins, thereby allowing to screen for new sig-
nalingfunctionsof proteinsandpeptides(Lietal.,2011;Nusinow
et al., 2011; Rietz et al., 2011; Sheerin et al., 2011). With respect
to protein–small molecule interactions, surprisingly, few reports
documentthesuccessfulapplicationoftheY3Hsysteminsearchof
novel targets. For example, the identiﬁcation of cyclin-dependent
protein kinases as well as other types of serine/threonine kinases
wasachievedbyusingvariouskinaseinhibitorsincludingthedrug
purvalanol B (Becker et al., 2004). Instead, the Y3H system has
rather been used to conﬁrm binding of pharmacologically active
compounds, such as FK506, methotrexate (Mtx), or dexametha-
sone (Dex), to known targets (Licitra and Liu, 1996; Henthorn
et al., 2002; Becker et al., 2004; Terstappen et al., 2007). To date,
this variant of the Y3H technology has not been applied to plant
systems. In view of its apparent advantages, the implementation
of aY3H platform for scanning whole plant proteomes for targets
of small molecules can serve two main functions: (1) to establish
completecatalogsofproteinsinteractingwithsmallmoleculesthat
have signaling function in plant cells,such as hormones or toxins,
and (2) to create a modular technology platform that allows and
facilitates the identiﬁcation of protein targets of bioactive small
molecules that originate from high-throughput chemical screens,
such as chemical activators or inhibitors.
TOOL BOX FOR A FISHING TOUR: IMPLEMENTING THE Y3H
PLATFORM
To implement the Y3H system as new ﬁshing technique, we
adapted already established ﬁshing gear to our needs. As a variant
of the yeast two-hybrid system, which is commonly used to iden-
tify protein–protein interactions (Fields and Song, 1989; Phizicky
et al.,2003),theY3H comprises three-hybrid components:(1) the
hook,(2)thebait,and(3)theﬁsh(Figure1).Thesuccessfulinter-
action of these three modules creates a competent transcriptional
activator complex, which drives expression of a reporter gene.
Cells expressing the reporter are selected and sequencing their
plasmid DNA will reveal the identity of the small molecule tar-
get(s).AfunctionalY3Hplatformrequiresstrategiesfordesigning
and optimizing each of the involved hybrid components.
DESIGNING THE HOOK
The hook is a hybrid protein comprising two functional domains,
theDNA-bindingdomain(DBD)andtheligand-bindingdomain.
The Y3H systems reported previously rely on LexA or Gal4 as
DBD to which various proteins have been fused to create the
hook,including the glucocorticoid receptor (GR),FK506-binding
protein 12 (FKBP12), and dihydrofolate reductase (DHFR). The
common feature of these proteins is high-afﬁnity binding of their
ligands, dexamethasone (Dex), FK506, and Mtx, respectively (Lin
et al., 2000; de Felipe et al., 2004). The previous successful appli-
cation of these ligand–receptor pairs in various Y3H systems also
established that neither derivatization of the small molecule nor
fusion of the receptor to the DBD impaired their binding capaci-
ties (Licitra and Liu, 1996; Lin et al., 2000; Henthorn et al., 2002;
Baker et al.,2003; Becker et al., 2004; Schneider et al., 2008).
WeoptedfortheY3Hsystemexpressingthehookvectorencod-
ingtheLexA–DHFRfusionproteinbecauseDHFRbindsMtxwith
very high afﬁnity (with KD in the picomolar range (Cayley et al.,
1981)) and it has been successfully used inY3H screening (Becker
et al., 2004). By this selection we could also take advantage of the
yeaststrainV874Y,whichwasengineeredsuchthatitcontainstwo
reporter genes, LEU2 and lacZ, integrated into its genome (Baker
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FIGURE 1 |The yeast three-hybrid system for target identiﬁcation.The
principle components of theY3H system are (1) the hook, a fusion protein
consisting of a DNA-binding domain and the Mtx-binding enzyme DHFR, (2)
the bait, a hybrid ligand of Mtx chemically linked to a small molecule ligand
(L) of interest, and (3) the ﬁsh, a transcriptional activation domain fused to a
protein from a cDNA library (a potential target).The transcriptional activation
of the reporter gene (LEU2 or lacZ) only occurs upon formation of the
trimeric complex.To validate theY3H system, the Mtx–Dex hybrid ligand
can be used in combination with the high-afﬁnity Dex-binding glucocorticoid
receptor (GR) fused to the activation domain. DHFR, dihydrofolate
reductase; Mtx, methotrexate.
et al., 2003). Both reporters are placed under the control of LexA
operators,whereasthehook,whichisalsointegratedintotheyeast
genome, consists of fusion between the LexA DBD and DHFR
under the control of the inducible GAL1 promoter. The pheno-
typic read-out of this integrated system was previously shown to
bemuchmorereliablethantheplasmid-basedsystem,resultingin
signiﬁcantly lower numbers of false negatives, i.e., white colonies
in β-galactosidase assays (Baker et al.,2002,2003).
CUSTOMIZED BAITS: SYNTHESIS OF HYBRID LIGANDS
Fishermen know, the right choice of bait will determine the suc-
cess of a ﬁshing trip. Here, the bait is a hybrid ligand in which
an“anchor”moiety is covalently connected via a linker to a com-
pound of interest (Figure 1). Each of these components can be
varied, thus leaving head space for optimization and innovation
(Licitra and Liu, 1996; Abida et al., 2002; Henthorn et al., 2002;
Baker et al., 2003; Becker et al., 2004; de Felipe et al., 2004; Dirn-
berger et al., 2006; Gallagher et al., 2007). However, for effective
and affordable chemical synthesis of functional baits a few criteria
should be considered. First, the “anchor” moiety should bind to
the hook with high afﬁnity and be amenable to facile chemical
modiﬁcation,thus making Mtx a prime choice. Second,the linker
not only determines the distance (spacing) between the two lig-
ands,itmayalsoaffectthesolubilityof theresultinghybridligand.
Previous, systematic studies revealed that the linker between the
two functional groups should have a minimum length of 5 car-
bon atoms to afford dimerization of the receptors, but a spacer
lengthof 12atomswouldbemostfavorable,whereasthechemical
nature of the linker had little impact on the biological read-out
(Abida et al., 2002). However, a polyethylene glycol (PEG) linker
will improve solubility of the hybrid ligand in comparison to an
aliphatic linker. Third, coupling of the small molecule of interest
tothelinkershouldideallynotimpairitsbiologicalactivity,which
should be veriﬁed by appropriate bioassays. Finally,chemical syn-
thesisofbaitsshouldbedesignedsuchtoprovideastraightforward
route of few and simple reaction steps operating with good yields.
We applied chemical solution phase synthesis to obtain a vari-
ety of baits. To this end, the investigated small molecule probes
were connected via a polyethylene glycol (PEG) linker to the Mtx
moiety. To couple the small molecule with the Mtx–PEG part,
either free carboxylic acid residues [for ABA, JA, and compound
8 (Cpd8)] or hydroxyl moieties [for cucurbic acid (CA), cucur-
bic acid methylester (CAMe), and 2,6-dihydroxybenzoic acid] of
the small molecule under investigation were used, resulting in
either amide or ester linkages (Figure 2). In brief, the synthesis
of the Mtx–PEG-amine intermediate relied on Nagy’s protocol
(Nagy et al., 1993) to generate the required Mtx intermediate.
This compound was subsequently coupled with a PEG diamine
residue,using standard peptide coupling conditions,to afford the
key Mtx–PEG intermediate. For those small molecules that were
linked to the Mtx–PEG moiety via their carboxylic acid moi-
eties, a ﬁnal standard peptide coupling between Mtx–PEG and
the small molecule followed by cleavage of all protecting groups
then afforded the desired baits. For those compounds that were
linked via their hydroxyl groups, an additional step was required.
The free hydroxyl group on the small molecule was ﬁrst modi-
ﬁed either with succinic anhydride (in case of CA and CAMe) or
with an ω-halo carboxylic acid (in case of 2,6-dihydroxy benzoic
acid) to generate a carboxylic acid intermediate that was subse-
quently coupled to the Mtx–PEG residue under standard peptide
coupling conditions. Cleavage of remaining protecting groups
and puriﬁcation by HPLC then delivered the hydroxyl-linked
baits.
To test whether or not the Mtx–PEG-derivatized small signal-
ing molecules had retained their biological activity, we applied
bioassays that rely on activation of reporter gene expression in
planta (Koornneef and Pieterse, 2008; Schneider et al., 2008).
For example, Figure 3 shows that the hybrid ligands Mtx–JA and
Mtx–CAMe, in contrast to JA, did not activate expression of the
jasmonate-responsive LOX2p::GUS reporter gene (Figure3A). By
contrast, Mtx–ABA antagonized jasmonate-induced gene expres-
sion similar to ABA, although at ﬁve times higher concentra-
tions (Figure 3B). However, lacking bioactivity not necessarily
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FIGURE 2 | Chemical structures of the hybrid ligands and compounds
used in this study.The Mtx–Dex hybrid ligand as synthesized from the thiol
derivatives of Mtx and Dex by Abida et al. (2002) contains a 10-methylene
chain linker. All other baits were synthesized with polyethylene glycol diamine
linker and the functional group of the small molecule used for coupling to the
Mtx–(PEG)3–NH2 intermediate is highlighted in red, the hydroxy groups were
converted to a succinyl ester HOOC–CH2–CH2–COO–R prior to coupling. JA,
jasmonic acid; ABA, abscisic acid; CA, cucurbic acid; CAMe, cucurbic acid
methylester; Cpd8, compound 8 (a palmitoylated benzodiazepinedione
derivative); 6OH-SA, 2,6-dihydroxybenzoic acid.
eliminates application of a bait from proﬁling experiments con-
sidering that it could bind to multiple targets,which may uncover
new biological functions of a small molecule. This has recently
been illustrated by a SNAP-tag-basedY3H screen using a bait that
was modiﬁed such to prevent binding of the drug erlotinib to
its known target, epidermal growth factor receptor (EGFR) tyro-
sine kinase, which is highly expressed and occasionally mutated
in various forms of cancer (Chidley et al., 2011). Indeed, the
screen did not yield EGFR or any other kinase, but uncovered
a new erlotinib target,oxysterol-binding protein-related protein 7
(ORP7).
CREATING SCHOOLS OF FISH: SYNTHESIS OF cDNA LIBRARIES
Fish is the target of a ﬁshing tour and in theY3H system it is con-
tained in the cDNA libraries. To date, mainly mammalian cDNA
librarieshavebeenusedwiththeY3Htechnology(LicitraandLiu,
1996; Henthorn et al., 2002; Becker et al., 2004; Chidley et al.,
2011). To increase the yield, it is common practice to screens
various cDNA libraries with a bait. This allows isolation of multi-
ple targets if these are differentially expressed in tissues or under
certain conditions, and it reduces the odds of missing a target
because it is not contained or underrepresented in a library. In
general, working with multiple mammalian libraries is facilitated
by the large collection that is commercially available (Becker et al.,
2004; Chidley et al., 2011). Instead of screening whole libraries,
it may also be useful to generate and screen custom cDNA arrays
withspeciﬁcbaits,e.g.,arrayedproteinkinaseswithoneorseveral
kinase inhibitors (Becker et al., 2004).
For the synthesis of plant cDNA libraries, we employed the
pDEST22 vector (Clone Miner™ cDNA Library Construction Kit,
Invitrogen, Life Technologies, Darmstadt, Germany). This vec-
tor is appropriated for the Y3H system because (1) it generates
fusion proteins of the cloned cDNA with the GAL4 activation
domain, (2) it contains TRP1 as selection marker for transforma-
tion into the employed yeast strain V874Y, which is auxotrophic
for tryptophan, and (3) it relies on the Gateway® recombination
cloning technology, which adds ﬂexibility to the systems because
anyplantcDNAlibrarythatwasclonedintoaGateway®pDONR™
vector can easily be shuttled into pDEST22 (Schneider et al.,
2008). In addition, the Gateway®-based system also allows trans-
ferring the cDNA libraries to alternative Y3H platforms such as
the split-ubiquitin-based system (Johnsson andVarshavsky,1994;
Dirnberger et al.,2006) or the Sos recruitment system (Aronheim
etal.,1997;Aronheim,2001;seebelow).Onceaﬁshishooked,i.e.,
a target protein has bound to its small molecule ligand contained
in the bait, the assembled transcriptional activator complex initi-
ates expression of the reporter gene (Figure 1). We note that the
quality of cDNA libraries is of critical important for the success
of any screen. Therefore, we made sure that our libraries repre-
sents diverse and full-length cDNAs (average insert size 1120bp)
and appropriate marker/candidate genes are contained,e.g.,AOS,
OPR3, JAR1, COI1, and LOX2 for JA signaling.
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MÉNAGE À TROIS: SCREENING WITH THE Y3H SYSTEM
TESTING THE FUNCTIONALITY OF THE SYSTEM
Before starting extensive screening programs with the Y3H sys-
tem, it is appropriate and advisable to test the proper coopera-
tion of its three key components because the synthesized baits
are relatively large molecules (Mr ≥1.000) and their uptake by
the yeast cells cannot be taken for granted. In addition, hybrid
FIGURE3|E v aluation of hybrid ligand bioactivity. Seedlings of an
Arabidopsis line containing the jasmonate-responsive LOX2p::GUS reporter
gene were grown for 2weeks hydroponically in microtiter plates (0.5× MS
medium, Murashige and Skoog, 1962 containing 0.5% sucrose) and
exposed to the indicated compounds in the absence (A) or presence of
jasmonic acid methylester (JAMe, 100μM) (B). Reporter activity was
determined after 48h by GUS staining (modiﬁed from Schneider et al.,
2008).
ligandscouldbetoxicandimpairgrowth.TheyeastSaccharomyces
cerevisiae is only weakly permeable for drugs and has efﬁcient
transporters catalyzing extrusion of structurally and functionally
unrelated compounds out of the cells, thus mediating a pheno-
typeknownasmultidrugresistance(Moye-Rowley,2003;Gbelska
et al., 2006; Gulshan and Moye-Rowley, 2007). To test for func-
tionality, we took advantage of the well-characterized interaction
of DBD–DHFR, Mtx–Dex, and AD–GR in the Y3H system (Lin
et al., 2000). First, we conﬁrmed that cells of strain V874Y trans-
formed with GR inserted in pDEST22 grow on selective medium
only in the presence of Mtx–Dex (Figure 4A). Secondly, we sup-
plemented this complete assay with increasing concentrations of
newly synthesized hybrid ligands, e.g., Mtx–CAMe, to compete
with Mtx–Dex binding. Decrease in reporter gene activity, i.e.,
reduced yeast growth on selective medium, was obtained with all
baits investigated, strongly suggesting that the baits were prop-
erly translocated into the yeast nucleus where they competed with
Mtx–Dex for binding to DBD–DHFR (Figure 4A). Finally, we
excluded the possibility that baits are toxic to yeast; no growth
restriction was observed on media containing baits at 100-fold
higher concentrations than used for screening.
YIELDS OF A FISHING EXPEDITION
TheinitialaimforestablishingtheY3Hplatformfocusedonsmall
signaling molecules known to mediate plant defense responses
including jasmonates, SA and ABA, because these hormones act
synergistically or antagonistically in regulatory networks, but the
underlying molecular mechanisms of this signaling cross-talk are
not yet understood (Mauch-Mani and Mauch, 2005; Koornneef
and Pieterse, 2008; Spoel and Dong, 2008; Pieterse et al., 2009).
Correspondingly, we synthesized ﬁve baits: they consisted of Mtx
bound via a PEG spacer to jasmonic acid (Mtx–JA), cucurbic
acid (Mtx–CA), cucurbic acid methylester (Mtx–CAMe), abscisic
FIGURE 4 | Monitoring small molecule–protein interactions
using the yeast three-hybrid system. (A) Validation of the
Mtx-based system: expression of the hook gene (DBD::DHFR) and the
empty ﬁsh vector as control (AD) conferred cell growth on
galactose-containing synthetic complete (SC −His −Ura −Trp
+Leu) medium but not on SC −His −Ura −Trp −Leu medium. On
selective medium (−Leu) only yeast expressing the Dex-binding fusion
protein, AD::GR, grew in the presences of Mtx–Dex, and when X-Gal was
simultaneously added, also the expression of the second reporter gene
(lacZ) was detectable (galactosidase activity).Yeast suspensions were
plated at two different densities, 4×10
4 cells/dot (left) and 4×10
2
cells/dot (right). Competition assays indicated that all hybrid ligand were
readily taken up by yeast cells: Addition of increasing concentrations of
other baits to Mtx–Dex-containing medium, here shown for Mtx–CAMe,
resulted in suppression of reporter gene expression and cell growth,
indicating that formation of the trimeric transcriptional activation complex
was prevented. (B) Veriﬁcation of new candidate targets identiﬁed from
Y3H screens with the hybrid ligand Mtx–CAMe. Plasmid DNA (ﬁsh vector)
of two candidates identiﬁed in the initial screen was isolated and
transfected into new yeast cells harboring the hook, DBD::DHFR. All yeast
cells grew on +Leu but not on −Leu medium, including cells containing
only the empty ﬁsh vector (control AD). By contrast, when hook vector
(DBD::DHFR) and the ﬁsh vector harboring either of two CAMe-binding
proteins (AD::EH or AD::MTK) were spotted on different selective media
(−Leu), reporter gene activation (growth and galactosidase activity) was
observed in presence of the speciﬁc bait, Mtx–CAMe, but not in the
presence of alternative baits such as Mtx–CA, indicating that the
interactions are highly selective. Addition of increasing concentrations of
Mtx out-competed Mtx–CAMe-dependent growth. EH, epoxide hydrolase;
MTK, 5-methylthioribose kinase; for other abbreviations see text.
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acid(Mtx–ABA),andtheSAderivative2,6-dihydroxybenzoicacid
(Mtx–SA; Figure 2). Note that both Mtx–JA and Mtx–CA are
jasmonate-derived baits,but the Mtx–PEG unit is attached to dif-
ferent functional groups and therefore the “jasmonate” residue is
presented in opposite orientation. This variation was designed to
minimize the risk of missing targets because an essential func-
tional group for binding is masked in the hybrid ligand. In
addition, we also used an unrelated hybrid ligand for screening
that was designed as speciﬁc inhibitor of mammalian acyl pro-
tein thioesterase 1 (APT1), which catalyzes the depalmitoylation
of the Ras protein (Deck et al., 2005). This inhibitor, compound
8 (Cpd8), is a palmitoylated benzodiazepinedione derivative and
a structural mimic of the C-terminus of processed H-Ras (Deck
et al.,2005).
We extensively screened several Arabidopsis thaliana cDNA
libraries that were synthesized from inﬂorescence, wounded or
pathogen-infected leaves (Schneider et al., 2008). Jasmonates are
known to play important roles in these tissues and processes
and we made sure that the selected cDNA libraries contained
potential targets (Stintzi and Browse,2000; Li et al.,2004;Waster-
nack, 2007; Browse, 2009; Koo and Howe, 2009; Wasternack and
Kombrink, 2010). Transformation of yeast cells with the library
and the subsequent screening followed standard protocols (Gietz
and Woods, 2002; Becker et al., 2004). In brief, primary yeast
transformants (at least 106 per library) were plated on selective
medium (Synthetic Complete medium +Gal −His −Ura −Trp
−Leu) supplemented with baits (10μM) and grown colonies
directly re-streaked on selective media plus and minus the respec-
tive bait. All clones surviving this second selection also survived
selection after retransformation of plasmids into new yeast cells
and thus were considered true candidates. The hybrid ligands
Mtx–JA, Mtx–CA, and Mtx–ABA did not yield any candidate
binding proteins from several million clones analyzed. By con-
trast, hybrid ligands containing CAMe, SA, and Cpd8 uncovered
speciﬁc candidate targets. A putative epoxide hydrolase (EH) and
5-methylthioribose kinase (MTK) were found to interact with
Mtx–CAMe, serine/threonine protein phosphatase 2C (PP2C6)
with Mtx–SA, and several members of the squamosa promoter-
binding protein (SBP) transcription factor family, SPL3, SPL4,
and SPL13 with Mtx–Cpd8 (Table 1). We note that proteins were
considered candidate targets only after stringent validation com-
prisingsecondaryscreensandseveralothercontroltreatments:(1)
The ﬁsh vector was isolated from cells identiﬁed in the ﬁrst selec-
tion round and re-transformed into new yeast cells, which were
again subjected to selective medium. This eliminates the possi-
bility that initial yeast growth is due to unwanted background
mutations in the yeast genome. (2) Growth of yeast cells express-
ingaparticularcandidatewasstrictlydependentonthepresenceof
thecorrespondingbaitinselectivemedium(−Leu),whereasother
baitsdidnotsupportgrowth.(3)Wecheckedthattheactivationof
the LEU2 reporter gene was strictly dependent on the formation
of the ternary complex between hook,bait,and ﬁsh.As predicted,
increasing concentrations of Mtx out-competed the interactions
and suppressed yeast growth on selective medium (Figure 4B).
(4) In addition to LEU2, the yeast cells harbor lacZ as second
reporter gene. However,its activity was detectable only with some
candidates (e.g.,EH) and not with others (e.g.,MTK),which pre-
sumably reﬂects the strength of the protein–ligand interaction.
Finally, as evident from Table 1, the number of clones isolated
for individual candidate targets varied considerably,ranging from
1 to 37. Again, this can be considered as indicator of interaction
strength and/or abundance of a particular candidate target in the
corresponding sample (cDNA library).
The number of candidate targets we identiﬁed in our screens
is too low to draw general conclusions and yet, intriguingly, we
uncovered three enzymes interacting with JA or SA derivatives
and three members of a transcription factor family interacting
with Cpd8. For the enzymes it can be speculated that they either
catalyze conversion of the corresponding compound (or a related
derivative) or that their enzymatic activity is regulated by ligand
binding.EnhancedexpressionandactivityofEHhavebeenassoci-
atedwithpathogendefenseandprotectionfromoxidativedamage
in several plant species, although a bona ﬁde substrate remained
elusive (Guo et al., 1998; Gomi et al., 2003; Wijekoon et al., 2008,
Table 1 | Candidate target proteins identiﬁed using the yeast-based screening platform for proﬁling of small molecule interactions.
Protein targeta Function Locus ID Bait cDNA Library Activation of lacZb Competed out by Mtxb
EH (7×) Epoxide hydrolase At3g51000 Mtx–CAMe Wounded leaves Yesc Yes
MTK (1×) 5-Methylthioribose kinase At1g49820 Mtx–CAMe Wounded leaves Noc Yes
PP2C6d (1×) Serine/threonine protein
phosphatase C2
At3g55050 Mtx–SA Wounded leaves No Yes
SPL3 (37×) Transcription factor At2g33810 Mtx–Cpd8 Inﬂorescence nde Yes
SPL4 (2×) Transcription factor At1g53160 Mtx–Cpd8 Inﬂorescence nd Yes
SPL13 (1×) Transcription factor At5g50570 Mtx–Cpd8 Wounded leaves nd Yes
Candidate targets were identiﬁed by screening for yeast growth on selective medium (–Leu) supplemented with the bait indicated. A total of about 10
6 colonies were
screened for each library and bait. No candidates were obtained with Mtx–JA, Mtx–CA, and Mtx–ABA.
aThe number of hits in brackets shown for each target represents the total number of independent yeast colonies identiﬁed during the cDNA library screenings.
bAll initial candidates were validated by retransfection into new yeast cells, activation of the second reporter gene (lacZ), and competition between the bait and Mtx.
cSee Figure 4B.
dThe corresponding cDNA is not full length, the protein is truncated at the N-terminus.
eNot determined.
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2011). Fatty acid epoxides are precursors of jasmonate and other
oxylipins and EH may play yet unknown roles in generation of
signalsforactivationof certaindefenseresponses(Mosblechetal.,
2009;Wasternack and Kombrink,2010). However,theArabidopsis
EH identiﬁed here has not been studied previously and there-
fore its function remains unknown. MTK is a key enzyme of the
methioninecycle,whichisessentialforsulfurmetabolismandeth-
ylene biosynthesis (Sauter et al.,2004; Bürstenbinder et al.,2007).
Regulation of this enzymatic step by jasmonates may be involved
in coordinated biosynthesis of ethylene and jasmonate, which
are known to function cooperatively (Lorenzo and Solano, 2005;
Wasternack, 2007; Pieterse et al., 2009). Likewise it is tempting
to speculate that SA-mediated activation of defense responses not
onlyoccursviaproteinkinases(Brodersenetal.,2006;Bartelsetal.,
2009), but may also involve protein phosphatases, such as PP2C6
acting on unknown substrates. PP2C6 shares high sequence simi-
laritywithothermembersoftheproteinphosphatasefamily(upto
87%),butwhetherornotthisresultsinfunctionalredundancyhas
notyetbeenexplored(Schweighoferetal.,2004).TheSBP-domain
containingproteinsareagroupof plant-speciﬁctranscriptionfac-
tors that are encoded by moderately sized gene families in all seed
plants, and in Arabidopsis it is represented by 17 members of the
SPL genefamily(Cardonetal.,1999;Rieseetal.,2007).Individual
family members are known to be involved in developmental pro-
grams,e.g.,ﬂoraltransitionandleaf serration,aswellasstressand
hormoneresponses.However,redundancyresultingfromthehigh
degree of similarity between different family members seriously
impairsfunctionalanalysesandthereforeknowledgeoftheregula-
tory mechanism of SBP-box transcription factors is rather limited
(Rieseetal.,2007).ItistemptingtospeculatethatCpd8mayfunc-
tionasmolecularglue,mimickinganunknownnaturalcompound
that helps to assemble an active transcriptional protein complex.
Obviously, ourY3H approach did not yield any of the recently
identiﬁed receptors of the plant hormones, ABA or JA (Chini
et al., 2007; Thines et al., 2007; Ma et al., 2009; Park et al., 2009).
Also, the targeted approach, expressing the ABA and JA recep-
tors PYR1/RCAR1 and COI1, respectively, as ﬁshes in yeast did
not yield detectable interactions with the baits Mtx–ABA or Mtx–
JA. In view of the resolved structures of both hormone receptors
theseresultsarenotsurprisingbecause(1)bothhormonesbindat
the interfaces of multimeric protein complexes, which cannot be
resolved by the Y3H approach; (2) ABA is completely embedded
in its dimeric receptor (Lumba et al., 2010), and the Mtx-tagged
hormoneapparentlydoesnotallowformationof astablecomplex
with a single component; (3) the bioactive jasmonate is indeed
the JA–Ile conjugate (Browse, 2009; Fonseca et al., 2009), which
we have not yet used for bait synthesis; (4) both ABA and JA
are hydrophobic small molecules that require very close interac-
tion with putative receptors to afford tight binding, because their
binding relies solely on weak Van der Waals forces (in contrast to
strong electrostatic interactions between polar molecules such as
JA–Ile). Nevertheless, we note that the Y3H screening provided
interesting and promising new hits as starting points for further
studies,but the biological signiﬁcance of the interactions between
the candidate target proteins and the small molecule moieties of
thecorrespondingbaitsneedscriticalevaluation.Thisisobviously
relevant since none of the identiﬁed putative targets are known to
interact with the different test compounds employed. Therefore,
the interactions need to be conﬁrmed in vitro and/or in planta
by experimental approaches that include binding assays with the
unmodiﬁed small molecule and characterization of Arabidopsis
mutants that are defective in the respective candidate target gene.
EVALUATION OF THE METHODOLOGY: PROS AND CONS OF
THE Y3H SYSTEM
WehavedemonstratedthattheY3Htechnologyisavalidapproach
to isolate binding protein candidates of small bioactive molecules
fromplantsourcesinextensionofprevioussuccessfulapplications
to yeast and mammalian systems,which were nurtured from drug
researchaimingatdrugtargetidentiﬁcation(LicitraandLiu,1996;
Beckeretal.,2004;Dirnbergeretal.,2006;Chidleyetal.,2011).The
clear advantages of the Y3H system over biochemical approaches
fortargetidentiﬁcationareasfollows:(1)Theinteractionbetween
the ligand and its binding protein is monitored in vivo; (2) the
technology relies on expression cloning and thereby allows facile
and direct identiﬁcation of the protein targets by sequencing,and
therefore,(3)themethodisindependentof theamountof biolog-
ical starting material and should yield results, provided that the
protein targets are represented in the cDNA library used; (4) the
methodcanuncovermultipletargetsinsinglescreen,butonlyone
atatime(seeinteractionof Cpd8withSPLisoforms),thusredun-
dancy of gene function is not a problem,unlike in genetic screens,
andsimilarly,(5)identiﬁcationof targetproteinsthatwouldcause
a lethal phenotype when absent is likewise no problem, unlike in
classical genetic screens.
Of course, all experimental approaches also have their limita-
tions. Quite unexpectedly,and in contrast to common experience
with the Y2H system, we uncovered only very few candidate tar-
gets for most of the hybrid ligands we used for screening, some
even yielding none. This presumably reﬂects the strength of the
protein–ligandinteraction,sincethelargestandmosthydrophobic
molecules such as Cpd8 and Dex provided numerous candidates
(Table 1) and strong reporter activation (Figure4A),respectively.
Correspondingly, the success of a screen will be affected by the
nature of the bait. To generate hybrid ligands requires chemical
synthesis, which may be difﬁcult or unaffordable depending on
the nature or availability of the small molecules of interest. It is
important to realize that the Y3H system also suffers from some
inherent limitations: (1) The read-out of the system is reporter
gene activation and therefore only soluble target proteins that
translocate to the yeast nucleus can be identiﬁed, whereas pro-
teins localizing to organelles or membranes escape detection. (2)
Identiﬁcationof multimerictargetproteincomplexesisnotpossi-
ble since only single cDNAs are expressed in individual yeast cells.
(3) Both the bait and the target protein are hybrid molecules and
the introduced modiﬁcations may impair their efﬁcient interac-
tion or other structural/steric constraints may prevent formation
of astablecomplex.(4)Asmentionedearlier,uptakeof hybridlig-
ands needs consideration since yeast has efﬁcient drug extrusion
systems.
Some of these inherent limitations can be circumvent by mod-
iﬁcations that have recently been introduced to the Y3H sys-
tem. For instance, using a modiﬁed split-ubiquitin system allows
monitoring small molecule–protein interactions outside of the
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yeastnucleus(Dirnbergeretal.,2006).Thesystememploysfusion
proteinsof theN-andC-terminalubiquitinhalvestogeneratethe
hook and the ﬁshes and relies on the reconstitution of ubiquitin
upon their interaction with the bait, which triggers degradation
of the Ura3 reporter system allowing growth of yeast cells in the
presence of the otherwise toxic compound, 5-ﬂuoroorotic acid
(Johnsson and Varshavsky, 1994). Similarly, the Sos recruitment
system, originally designed to detect protein–protein interactions
(Aronheimetal.,1997;Aronheim,2001),hasalsosuccessfullybeen
modiﬁed for selective monitoring of receptor–ligand interactions
occurringattheplasmamembrane.Thesystemreliesontheinabil-
ity of the yeast strain cdc25H to grow at restrictive temperature
(37˚C) due to a mutation in the cdc25 gene encoding a guanyl
nucleotide exchange factor, which actives Ras signaling pathway.
This temperature-sensitive phenotype can be rescued by expres-
sion of the human Sos gene,but only when the protein is targeted
to the plasma membrane via protein–protein interaction or for-
mation a ternary complex comprising two fusion proteins and a
corresponding bait (Aronheim, 1997; Broder et al., 1998). In fact,
we could demonstrate that myristylated, membrane-anchored
GR recruited the DHFR–hSos fusion protein to the membrane
only in the presence of the bait Mtx–Dex and thereby initiated
Ras-dependent growth of the temperature-sensitive yeast mutant
strain cdc25H at restrictive temperature. Both methods expand
the experimental conditions for detecting small molecule interac-
tions with target proteins by theY3H system. Other modiﬁcations
anddevelopmentsaimedatcircumventingthelowpermeabilityof
yeast for chemicals,for example by designing a mammalian three-
hybrid system by adaptation of a mammalian protein–protein
interaction trap (MAPPIT) system (Eyckerman et al., 2001; Tav-
ernier et al., 2002; Caligiuri et al., 2006), or by deleting three
genes encoding broad-spectrum drug transporters from the yeast
genome to increase uptake of chemicals (Chidley et al., 2011).
An interesting recent variant of the Y3H system is the SNAP-tag-
basedversion,whichpermitstocovalentlyanchorthebait,ahybrid
ligand of O6-benzylguanine with a small molecule, to the hook,
a fusion between the SNAP protein and the LexA DBD, and to
screen for interacting target proteins by transcriptional activation
ofreportergenesasintheconventionalY3Hsystem(Chidleyetal.,
2011). This system not only stabilizes the hook–bait interaction,
butitalsoallowsindependentvalidationofthebindingofthesmall
molecule to the target protein by afﬁnity chromatography,using a
matrixwithimmobilizedGST–SNAPfusionproteinandanchored
small molecule. Such approach is very convenient because inde-
pendent conﬁrmation of Y3H interactions outside of yeast cells is
not always an easy task,as we were taught by own experience with
candidate targets. Thus, despite obvious limitations, the Y3H sys-
tem has sufﬁcient potential to generate candidates for subsequent
in vivo and in planta analysis. In addition, further modiﬁcations
of the technology can be envisioned to expand its application, for
example by coupling Mtx to peptides, oligonucleotides, or other
biomolecules.
CONCLUSION
TheY3H system shows great promise as a tool for scanning whole
expressed genomes for binding proteins of small molecules. It has
beensuccessfullyusedtoidentifyand/orconﬁrmmammaliantar-
getsof severalinhibitorsordrugs(LicitraandLiu,1996;Henthorn
etal.,2002;Beckeretal.,2004;Dirnbergeretal.,2006;Chidleyetal.,
2011). We have demonstrated that this direct functional cloning
strategy can also be applied to plant systems and that several syn-
thesized hybrid ligands comprising plant-speciﬁc small signaling
moleculesallowedtheidentiﬁcationandisolationof putativepro-
tein targets from various plant cDNA libraries. Although theY3H
systemisstillarelativelynewtechnology(LicitraandLiu,1996),it
receivedseveralmodiﬁcationswiththeaimtocircumventsomeof
itsinherentlimitations,suchastherequirementfornucleartarget-
ingorhigh-afﬁnitybinding(Dirnbergeretal.,2006;Chidleyetal.,
2011). Such reﬁnements will expand the experimental conditions
for application of Y3H systems and it can be expected that many
more protein targets of drugs and other small molecules will be
identiﬁed with this innovative technology. However, the relative
complexity of the system also requires a committed investment
intothecreationandoptimizationof itsdifferentmodulessuchas
chemicalsynthesisandmolecularcloningandscreeningstrategies.
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